Zellweger syndrome spectrum (ZSS) comprises a clinically and genetically heterogeneous disease entity, which is caused by mutations in any of the 12 different human PEX genes leading to impaired biogenesis of the peroxisome. Patients potentially suffering from ZSS are diagnosed biochemically by measuring elevated levels of very long chain fatty acids, pristanic acid and phytanic acid in plasma and serum and reduced levels of ether phospholipids in erythrocytes. Published reports on diagnostic procedures for ZSS patients are restricted either to biochemical markers or to defined mutations in a subset of PEX genes. Clarification of the primary genetic defect in an affected patient is crucial for genetic counselling, carrier testing or prenatal diagnosis. In this study, we present a rational diagnostic strategy for patients suspected of ZSS. By combining cell biology and molecular genetic methods in an appropriate sequence, we were able to detect the underlying mutation in various PEX genes within adequate time and cost. We applied this method on 90 patients who presented at our institute, Department of Pediatrics and Pediatric Neurology at Georg August University, and detected 174 mutant alleles within six different PEX genes, including two novel deletions and three new missense mutations in PEX6. Furthermore, this strategy will extend our knowledge on genotype -phenotype correlation in various PEX genes. It will contribute to a better understanding of ZSS pathogenesis, allowing the investigation of the effects of diverse mutations on the interaction between PEX proteins and peroxisomal function in vivo.
Introduction
Peroxisomal disorders represent a group of inborn errors of metabolism that are clinically and genetically heterogeneous. 1, 2 Depending on the nature of peroxisomal impairment, these disorders are usually divided into two major groups (I and II). Disturbance of peroxisome biogenesis is the hallmark of the first group (group I), known as the peroxisome biogenesis disorders (PBDs). 3 It comprises four different diseases, including Zellweger syndrome (ZS), neonatal adrenoleukodystrophy (NALD), infantile Refsum disease (IRD), as well as rhizomelic chondrodysplasia punctata (RCDP). 4 Clinical symptoms of patients with ZS, NALD and IRD (referred together as Zellweger syndrome spectrum (ZSS)) range from severe neurologic dysfunction (muscular hypotonia, failure to thrive, seizures) and typical dysmorphic features (large fontanelle, wide sutures, high forehead, hypertelorism, broad nasal bridge, external ear deformity) to hepatomegaly, as well as renal cysts. Distinct from ZSS, RCDP describes a clinical phenotype with shortening of the proximal limbs, cataracts and profound psychomotor retardation. The second group (group II) is characterized by deficiency of single peroxisomal enzymes/proteins but efficient peroxisome biogenesis. This group includes at least 12 different diseases, with X-linked adrenoleukodystrophy being the most common 1 .
Diagnosis of both groups has been traditionally based on clinical and biochemical criteria as the first step. However, due to the increasing knowledge on enormous genetic heterogeneity and the broad clinical spectrum, diagnostic work-up is becoming more complicated. As peroxisomes are the site of b-oxidation of very long chain fatty acids (VLCFAs), 4 these fatty acids are elevated in body fluids and tissues in the vast majority of patients with peroxisomal disorder. Thus, they are a convenient screening marker for PBD or a single peroxisomal enzyme/protein deficiency 1 in many patients. However, an unambiguous diagnosis cannot be relied solely on the measurement of VLCFA concentrations in plasma, as patients clearly suffering from a peroxisomal disorder but containing normal concentrations of VLCFAs have been identified. 4 -6 In the past two decades, at least 13 different human PEX genes have been identified to be involved in the biogenesis of peroxisomes (group I). These findings led to defining the primary genetic defect in all 13 known complementation groups. 7 For RCDP, clinical pre-sorting of patients is possible because of characteristic dysmorphic features like shortening of the proximal limbs. The primary genetic defect is restricted to mutations in the PEX7 gene. 8 In contrast, ZSS patients cannot be assorted clinically. These patients contain mutations in a whole variety of PEX genes, namely PEX1, PEX2, PEX3, PEX5, PEX6, PEX10, PEX12, PEX13, PEX14, PEX16, PEX19 and PEX26. 
Materials and methods
Methods for measurement of VLCFA have been published by Moser and co-workers in 1980 and 1981.
12,13
Culture of patient fibroblast cells The patient fibroblast cell lines were cultured in Dulbecco's modified Eagle's medium (low glucose) supplemented with 10% fetal bovine serum and 1% L-glutamate under 5% CO 2 at 371C. Chorionic villous fibroblasts and amniocytes were grown in AmnioGrow Plus (Cytogen, Sinn-Fleisbach, Germany).
Immunofluorescence analysis
Cells grown on cover slips were fixed with 4% paraformaldehyde in PBS for 30 min. Then, the cells were washed thrice with PBS and permeabilized with 1% Triton X-100 in PBS for 5 min. After washing, cells were incubated with rabbit anti-catalase antibody (1:1200 dilution; Oxis, International Inc., Foster City, CA, USA) for 30 min. Subsequently, the cells were washed again and incubated with anti-rabbit antibody labelled with fluorescent dye Cy3 (1:1000 dilution; Dianova GmbH, Hamburg, Germany) for 30 min. Finally, the cells were mounted with ProLong Gold antifade reagent (Invitrogen GmbH, Karlsruhe, Germany) and analyzed under an Axio Imager M1 fluorescence microscope (Carl Zeiss MicroImaging GmbH, Göttingen, Germany).
Complementation by transfection
Cultured primary human fibroblasts were transfected with pcDNA3 plasmids containing the respective PEX genes (PEX1, PEX2, PEX3, PEX5, PEX6, PEX10, PEX12, PEX13, PEX14, PEX16, PEX19 and PEX26). The commercially available diverse transfection reagents were compared for high transfection efficiency as well as for cell viability of human primary fibroblasts. Microscopic analysis of transfected cells indicated the cationic liposome reagent Effectene (Qiagen, Hilden, Germany) as the most suitable. Before the transfection, 4 Â 10 4 fibroblast cells were seeded in 12-well plates. The next day, 0.15 mg PEX expression constructs and 0.15 mg eGFP-SKL-containing PTS1 (peroxisomal targeting signal 1) were diluted with buffer EC to a total volume of 75 ml. Cotransfection with eGFP-SKL enables direct visualization of PTS1-dependent import of eGFP in the patient fibroblasts. The Enhancer (2.4 ml) and Effectene (2.4 ml) were subsequently added to the DNA and the transfection was performed following essentially the instructions of the manufacturer. After 6 h, cells were washed once with PBS and fresh growth medium was added. Transfected cells were further incubated for 48 h and the localization of catalase was determined through immunofluorescence analysis.
Mutation detection
Genomic DNA was purified from fibroblasts using DNeasy Tissue Kit or from EDTA whole blood samples using QIAamp DNA Blood Mini Kit (Qiagen). Similarly, total RNA was extracted from patient fibroblast cells with RNeasy Mini Kit (Qiagen). Then, cDNA was synthesized from 2 mg RNA using SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen). Complete ORF of respective PEX transcripts was amplified and sequenced on an ABI PRISM 3100 Avant (Applied Biosystems, Foster City, CA, USA). All identified mutations were confirmed by direct sequencing of two individual PCR amplification products on forward and reverse strands. Primer sequences as well as PCR and sequencing conditions are available on request.
Results and discussion
We have established a new cost-and time-efficient diagnostic strategy for ZSS patients by combining cell biology and molecular genetic methods including all the 12 PEX genes in question ( Figure 1 ). By applying this systematic approach, we determined the primary genetic defect in all 87 ZSS patients studied. We identified unambiguous mutations in six different PEX genes ( Table 1) . Some of the novel mutations were published recently. 3, 14 In addition, we identified two new deletion mutations and three new missense mutations in PEX6 (Table 1) .
Biochemical analysis: measurement of VLCFA and plasmalogen Traditionally, levels of VLCFA and various polyunsaturated fatty acids in serum or plasma were measured to determine whether the patient suffers from peroxisomal defect or not. In ZSS patients, higher levels of VLCFA, notably C26:0, are frequently detected, as peroxisomal function is defective and b-oxidation of these fatty acids cannot take place properly. In contrast, plasmalogen levels are often reduced in ZSS patients, as biosynthesis of these ether phospholipids is impaired. EDTA whole blood sample necessary for such biochemical analysis can be easily obtained, and a large number of samples can be handled at the same time. Thus, the measurement of VLCFA and plasmalogen provides a suitable parameter for routine screening that points the diagnosis in the right direction. However, it should be kept in mind that cases have been reported where normal VLCFA levels were measured in patients suffering clearly from a peroxisomal disorder 4 -6 and thus, a reliable diagnosis of ZSS cannot be deduced from the quantification of VLCFA only. When patient samples contain a normal level of VLCFA and/or plasmalogen but strong clinical symptoms indicative of ZSS persist, diagnosis of ZSS should not be dismissed altogether but rather, skin biopsy should be undertaken and the follow-up analysis should be performed accordingly ( Figure 1 ).
Sequence analysis of PEX1
In our screening, the mutation in PEX1 was responsible for peroxisomal defects in nearly 80% (70 out of 87) of patients (Table 1) . Novel PEX1 mutations that we identified through this screening were presented earlier. 3 Several complementation studies and sequencing of patient DNAs have shown that over 60% of ZSS patients contain mutations in PEX1 gene. 3,11,15 -17 The two most frequently detected mutations are: (i) c.2528G4A missense mutation in exon 15 leading to G843D PEX1 protein and (ii) c.2087_2098insT insertion mutation in exon 13 leading to truncated I700Yfs PEX1. Therefore, the patients with elevated VLCFA and reduced plasmalogen were first sequenced for these two common mutations in the PEX1 gene. When the patient contained one heterozygous allele of either mutation, PEX1 was completely sequenced to identify the second mutation. In our cohort, 17 ZSS patients would have remained without a definite diagnosis.
Immunofluorescence analysis with anti-catalase antibody As all ZSS patients suffer from defects in peroxisomal function, localization of peroxisomal matrix proteins such as catalase in the patient's fibroblast cells can elucidate whether the patient is affected by a PBD. In primary human fibroblasts of patients unaffected by a PBD, catalase is imported properly into the peroxisomal matrix and gives a characteristic punctate pattern in immunofluorescence studies (Figure 2a ). In contrast, catalase is diffused in the cytosol of ZSS patient fibroblasts (Figure 2b) . In rare cases, patient fibroblasts display a mosaic pattern of catalase localization, that is, partly in the peroxisome as well as in the cytosol (Figure 2c) . 5, 18, 19 Therefore, immunofluorescence analysis with an antibody against catalase was performed in the fibroblasts of patients whose clinical symptoms indicated ZSS but did not contain mutations in , the patient's DNA from EDTA whole blood sample will be extracted and sequenced for the two most common mutations in the most frequently affected PEX gene, PEX1. If the patient is heterozygotic for one of these two mutations, the entire PEX1 gene will be sequenced. If none of these two mutations are detected, we recommend cultivation of primary human fibroblasts (PHFs). To confirm the suspected diagnosis of ZSS on the cellular level, PHFs are analyzed by immunofluorescence with an anti-catalase antibody. If catalase is localized inside the peroxisome (see Figure 2a) , ZSS is ruled out in the patient. If catalase is diffused in the cytosol of the patient's PHFs, diagnosis of ZSS is verified. Then, the patient's PHFs are transfected with all known human PEX genes (except PEX7) cloned in individual expression vectors and together with eGFP-SKL to screen for complementation. The PEX gene that complements the patient's PHFs will be sequenced. If none of the known human PEX genes complements the patient's PHFs, the patient potentially belongs to an unknown complementation group with a putative mutation in a novel, and so far unidentified PEX gene. The time bar on the left displays the approximate estimation of time needed for the different laboratory procedures used in this strategy. If concentrations of VLCFAs are within the normal range (n) and biosynthesis of plasmalogens in erythrocytes is also within the normal range or is only slightly decreased, but clinical presentation strongly points to a PBD, we recommend a skin biopsy to culture PHFs (-). Measurement of the concentration of VLCFAs, as well as biosynthesis of plasmalogens, should be repeated in these PHFs.
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Patients whose fibroblasts showed exclusively peroxisomal catalase pattern most likely belong to other disease groups and were dismissed from further analysis. Catalase was localized only in the cytosol in 15 patient fibroblasts, whereas mosaic pattern was observed in two patient cell lines. Three cell lines showing peroxisomal catalase only were not investigated further.
Complementation analysis through transfection
Although subcellular localization of catalase in primary human skin fibroblasts can help verify whether the patient suffers indeed from ZSS or not, it does not provide information regarding which PEX gene is defective as a mutation in any of the 12 PEX genes can impair peroxisomal function. In the past, ZSS patient fibroblasts were often fused with other fibroblasts of known disrupted PEX genes and analyzed for the restoration of catalase in the peroxisome of the heterokaryons. 16, 17 If the defective genes in the two fibroblast cell lines are different, they would be able to complement each other and peroxisomal function would be restored. Consequently, catalase would be found in the peroxisome in the heterokaryons. However, if the disrupted genes are identical, there would be no complementation and only cytosolic catalase would be observed. Such complementation analysis requires various reference patient fibroblast cell lines containing a mutation in each of the PEX genes and is a rather cumbersome process. An alternative approach is to transfect the patient fibroblasts with expression plasmids containing each of the known human PEX genes.
14 Cotransfection with eGFP-SKL, a green fluorescent protein (GFP) carrying PTS1 sequence SKL, allows easy estimation of transfection efficiency as well as simple analysis of complementation in living cells. However, we observed in rare cases that eGFP-SKL was localized in the peroxisome, whereas catalase was cytosolic (data not shown). This is most likely due to the fact that the peroxisomal targeting signal (KANL) of catalase is less efficient than the SKL In addition, we identified two new deletion mutations and three new missense mutations in PEX6 (Table 1) .
Advantages of identifying the molecular defect in a ZSS patient In most cases, the diagnosis of ZSS can be established by characteristic clinical, biochemical and cellular patterns, and identification of pathological mutation is not mandatory for the diagnosis. Nevertheless, knowing the underlying primary genetic defect is beneficial for carrier testing and prenatal diagnosis, as the DNA analysis of a fetus at risk provides the most straightforward prenatal diagnosis. So far, it could not be performed for every case, as the precise molecular defect had not been identified for every ZSS patient due to the limitation in resources and/or time. Therefore, prenatal diagnosis of ZSS relies often on the measurement of VLCFA content and/or plasmalogen synthesis in cultured chorionic villus cells or amniocytes. 11, 22, 23 However, biochemical analysis in cultured cells was shown to be especially susceptible to the contamination by maternal cells or microorganisms endangering the accuracy of the diagnosis 11, and alternative methods, such as immunofluorescence analysis using antibodies against catalase, have been applied in parallel.
14 Although there are 31 PEX genes identified in yeast, only 13 PEX genes have been found in humans so far. As most of the PEX genes were shown to be conserved from yeast to humans, there are probably additional human PEX genes that are yet unknown. In the past years, human PEX genes have been identified either through a homology search of the human EST database using yeast PEX gene sequences or by searching for cDNAs that can functionally complement CHO mutants defective in peroxisomal biogenesis. 9 Determination of PEX gene mutations by applying the diagnostic strategy presented in this study may help identify ZSS patients who cannot be complemented by known PEX proteins as they contain a pathological mutation in novel PEX genes.
Efficiency in time and cost for determining mutations in ZSS patients
Apparently, it is not a simple task to identify the pathogenic mutation when the most common mutations in PEX1 have been ruled out. Thus, mutations have remained unknown in many patients who were clinically and biochemically diagnosed with ZSS. Applying the recently introduced PEX Gene Screen Algorithm, at least some exons of six PEX genes (PEX1, PEX2, PEX6, PEX10, PEX12 and PEX26) can be screened for putative pathogenic mutation. Applying this PEX Gene Screen Algorithm to our Table 1 ). As the PEX Gene Screen Algorithm does not include PEX13 in its hierarchical sequencing, it would have missed the pathogenic mutation that enabled the subsequent prenatal diagnosis. Furthermore, diverse reports of mutations in PEX genes show that such a strategy fails to identify critical molecular defects underlying the clinical manifestation in many ZSS patients. 3, 5, 10, 24, 25 As the exact knowledge about the pathogenic mutation in the patient provides valuable information, we were interested in strategies that could detect PEX gene defects in every single ZSS patient within a reasonable time and cost. On applying the published PEX Gene Screen Algorithm, the mutation could not be identified in 21% of the screened ZSS patients 11 . To search for the molecular defects further in these remaining 21% of patients, all other PEX exons should be sequenced one after another. Estimating the cost of PCR and sequencing per reaction as 100 -300h, which will vary strongly depending on the laboratory's facility and its location, and assuming at least 70 PCR reactions to cover all 12 PEX genes, identifying the causative mutation in a ZSS patient can cost 7000 -21 000h. As PCR/sequencing reaction is performed in a hierarchical system, in which the subsequent step depends on the result of the earlier sequencing reaction, the whole procedure may take several weeks until the mutation is found finally. On the other hand, when fibroblast cultures from patients are available, the fibroblast cells can be complemented to efficiently identify the defective PEX gene first. Once it is clear which PEX gene most likely contains the pathogenic mutation, it requires only two to six PCRs or sequencing reactions to locate the molecular defect in that specific PEX gene. Estimating the cost of complementation and the subsequent immunofluorescence analysis with an anticatalase antibody as approximately 700h per patient, a maximum of 2500h may be sufficient to identify the mutation in a ZSS patient. Although it may seem cumbersome to establish the fibroblast culture, it should be noted that more and more studies recommend biochemical and/or immunofluorescence analysis in fibroblast cells for accurate diagnosis of ZSS. Once the fibroblast culture is set up, which may take 10 days to 3 weeks, the complementation and the subsequent sequencing analysis can be performed efficiently within a week. Thus, when patient fibroblast cells are available, the diagnostic strategy applying a systematic combination of biochemical analysis, sequencing and complementation through transfection may provide a more efficient approach than the hierarchical sequencing. In summary, we developed an alternative strategy that detected successfully the underlying genetic defect in all ZSS patients screened in this study. This new strategy will provide valuable benefits for other already known and future ZSS patients with yet unresolved molecular causes.
